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Abstract 
Fe-Cr alloys can potentially replace carcinogenic Co as the binder system in WC-hardmetals. 
Furthermore, they may be used in emerging applications such as nuclear fusion reactor shielding, where 
use of Co is forbidden due to the formation of hazardous activated species. In such applications, a good 
understanding of thermophysical properties is critical to predicting high temperature performance. By 
combining several thermal analysis techniques (dilatometry, laser flash and calorimetry) we have 
determined the thermal conductivity and thermal expansivity of several grades of WC-FeCr hardmetals 
between room temperature and 1200 °C. In these materials the WC grain size was varied between 0.2 
and 5 microns. The binder content was kept constant at 10 wt.%, and the nominal binder composition 
was Fe-8 wt.% Cr. The room temperature thermal conductivities of these materials varied between about 
50 and 110 W/m-K, which are similar values to analogous WC-Co materials. Thermal expansion curves 
exhibited discontinuous shrinkage events at about 850 °C, due to an allotropic phase transition within the 
FeCr binder between its BCC and FCC structures. The magnitude of the shrinkage was about a third 
that predicted by the rule-of-mixtures, suggesting significant internal stresses could be generated during 
the transformation. Such internal stresses could affect the properties of WC-FeCr hardmetals when 
operating at high temperature. 
Keywords 
Hardmetals, WC, FeCr, Alternative binders, Thermal conductivity, Thermal expansion   
Introduction 
Iron-chromium alloys are potential replacements for cobalt alloys in bonding WC-hardmetals. Despite 
cobalt being the best-known binder material, there has been much interest in finding alternatives due to 
issues of cost and availability [1, 2]. Recently, this search has gained fresh momentum due to new 
understanding over the carcinogenic effects of cobalt powder inhalation [3]. By contrast, the Fe-Cr 
system has a relatively low toxicity and low cost. Furthermore, FeCr-based hardmetals show promise for 
applications in nuclear fusion reactors [4] due to their low formation rates for hazardous transmutation 
species under neutron irradiation and their low rates of corrosion compared to conventional WC-Co 
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hardmetals. Athough the processing and mechanical behavior of hardmetals with Fe-based binders are 
well understood [5–7], relatively little is known about their thermophysical properties. An improved 
understanding is required, because problems such as thermal stresses, creep and oxidation can lead to 
early component failure during high temperature operation. These issues pertain to both conventional 
wear applications as well as nuclear environments. Thus, accurate thermal expansion and thermal 
conducitivity data are needed. 
WC-based hardmetals have high thermal conductivities. At room temperature, they are typically on the 
order of 100 W/m-K [8]. Their impressive conductivity is due to the major constituent, WC, which has a 
high conductivity compared to other non-oxide ceramics. This is partly due to the narrow stoichiometry 
range and thus low point-defect concentrations exhibited by WC. The conductivity of coarse-grained WC 
was reported to be 63 [9] and 88 W/m-K [10], however the studied samples were porous and in the fully 
dense state it is likely much higher. The conductivity of hardmetals decreases with increasing binder 
content [9–12]. For example, in the WC-Co system, the conducitivty of a 30 wt.% Co allow has about half 
the conductivity of a 3 wt.% one [9]. This trend is surprising, since Co has a high conductivity of around 
100 W/m-K, but can be explained on the basis of the high solubility of W and C in Co, which would 
drastically lower its conductivity. The effect of WC grain size is less clear: Neumann reported an increase 
in conductivity with increasing grain size [11, 12], whereas Perecherla and Williams report no trend [9]. 
Regarding the thermal expansion of WC-Co, there has been little reported, presumably because thermal 
expansion is relatively insensitive to microstructure; it is reported to be grain size independent [8] and 
increases only slightly with binder content, since Co has a higher thermal expansion coefficient than WC 
– about 13 vs 3.4 x 10-6 K-1. Room temperature expansion coefficients are typically 5 – 6 x 10-6 [8]. 
The thermophysical properties of WC-FeCr are necessarily more complex that WC-Co, due to the 
allotropic BCC-FCC phase transition that occurs in Fe at 910 °C, or about 855 °C in Fe-8 wt.% Cr [13]. 
This transition invokes both a volumetric shrinkage of about 1 % and an endothermic heat absorption of 
1018 J/mol [14]. In this study, we report on the thermal conductivity and thermal expansion behavior of a 
WC-based hardmetal with a binder of the composition Fe-8 wt.% Cr. This composition was selected as it 
is close to the Cr-content at which the BCC-FCC phase transition occurs congruently, i.e. at a single 
temperature. Properties were measured between room temperature and 1200 °C, which is just above 
the eutectic liquid formation temperature. Overall, the properties compare well with WC-Co hardmetals, 
which holds promise for their use in thermally-demanding applications. 
Experimental 
WC-FeCr hardmetals were prepared by mixing WC powders and prealloyed Fe92Cr8 powders in the ratio 
90 wt.% WC to 10 wt.% FeCr. Five different samples were prepared, using WC powders of various 
nominal particle sizes between 0.4 and 8 m (exact sizes given in Table 2). The median particle 
diameter for the Fe92Cr8 powders was 7 m in all cases. Powders were ball-milled with ethanol and an 
organic binder, dried and pressed using standard laboratory scale powder metallurgy techniques used 
for simulating industrial production methods [15]. Samples were sintered under vacuum for 1 hour at 
1450 °C. On cooling, samples were measured using standard quality control methods to determine 
shrinkage, density and mass loss.   
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The as-sintered materials were microstructurally examined as follows: To determine the WC grain size, 
polished cross sections were imaged in a JSM 6010 Scanning Electron Microscope (SEM) and a LEO 
Gemini 1525 Field Emission Gun SEM, operated in secondary electron imaging (SEI) mode. WC grain 
size was estimated using the linear intercept method on at least 100 grains. To quantitatively assess the 
proportions of each phase present, X-ray Diffraction (XRD) was performed using a PAnalytical X’Pert 
Powder diffractometer with Cu-source radiation. Diffraction patterns were fitted using the Rietveld 
refinement technique, using crystallographic information for hexagonal WC (PDF 101-3982), ferritic -Fe 
(PDF 1-1267) and the cubic Fe3W3C phase (PDF 170-7470). The density of the compacts was 
determined by the Archimedes method using a Metter Toledo temperature corrected precision balance 
at 20 °C. 
Thermal expansion was measured using a Netzsch 402DIL dilatometer. Cuboidal samples of 4 x 6 x 25 
mm were loaded into an alumina pushrod assembly that maintains sample contact through a small 
compressive force of 75 mN. Samples were heated at 5 K/min to 1200 °C, held for 10 mins, and cooled 
at the same rate – all in the presence of helium. Instrument thermal expansion was corrected for using 
an alumina standard. Thermal expansion coefficients were calculated at intervals of 100 °C by averaging 
the thermal expansion from 50 °C below to 50 °C above the interval. The procedure was performed for 
both heating and cooling, and the average taken. Thermal diffusivity was measured using a Netzsch LFA 
427 laserflash analyser. Disk-shaped samples of 12.7 mm diameter and 3–4 mm thickness were coated 
with graphite to reduce surface reflectivity. Diffusivity measurements were taken at intervals of 100 °C, 
with each measurement repeated 3 times at the set-point temperature. All measurements were 
performed in flowing argon. The laser pulse had a voltage of 600 V and a pulse duration of 0.8 ms. The 
effect of pulse duration and heat losses were corrected for using the Cowan method [16]. Specific heat 
capacity measurements were performed using a Netzsch STA 449 F1 Jupiter instrument with dedicated 
platinum DSC sensor using argon purging gas. The standard ratio method was employed (ISO 11357-4) 
which consisted of three separate runs: (i) a baseline run; (ii) a run with sapphire standard of 84 mg; and 
(iii) a run with hardmetal sample of approximately approximately 300 mg. These masses were selected 
so that the DSC signal intensities of the sample and standard were well matched, both having peak 
voltages of about 30 V. In all runs the same platinum crucibles were heated at 20 K/min between 40 
and 1200 °C, with 30 minute isothermals before and after the transient.  
Results and Discussion 
Microstructural characterisation 
Table 1 shows the sintering behavior of the 5 samples made in this study. Samples are labelled A-E, 
corresponding to the nominal particle size classification of the WC powder used. The density, , tended 
to increase with decreasing WC particle size, from 14.21 g/cm3 in the finest grained sample to 
13.55 g/cm3 for the coarsest. This is most likely due to the increased driving force for densification in 
fine-grained materials.  
Table 1 also shows the relative densities, which are defined as the percentage of the predicted 
theoretical density of 14.41 g/cm3. The relative density, , varies from about 94 % to 99 %. In general, 
the densities of WC-FeCr were lower than those of conventional WC-Co materials with the same binder  
19th Plansee Seminar  HM 19/4 
 
Table 1: Sintering characteristics of WC-FeCr.  
sample 
 
nominal WC 
grain size (m) 
density,  
g cm-3 

% 
3D shrinkage 
% 
mass loss 
% 
A 0.4 14.21 98.6 21.4 3.5 
B 0.8 14.06 98.4 17.9 2.2 
C 2 13.98 97.8 17.1 2.2 
D 6 13.5 94 14.1 3.6 
E 8+ 13.55 94 15.5 2.2 
content. This is partly due to the lower density of the Fe8Cr binder phase (7.85 g cm-3) compared to Co 
metal (8.89 g cm-3).  
Fig. 1 shows typical SEM micrographs of each sample. The WC grain size varies from about 0.2 m (A) 
to 5 m (E). The microstructures are fairly uniform, except for sample A, where pools of binder phase are 
visible, about 1–5 m in width, particularly in the upper-right region (denoted by a dashed circle). This is 
because the FeCr particles were very much larger than WC particles (median size of about 7 m, vs 
about 0.2 m. In all of the samples a third phase is visible that is intermediate in contrast between WC 
(light) and FeCr (dark). This phase is likely to be the Fe3W3C present in the XRD patterns shown in 
Fig. 2 and is denoted by arrows in the SEM images for samples C and D. 
Fig. 2 clearly shows how the quanitity of the Fe3W3C phase increases with decreasing WC grain size, 
with the Fe3W3C peaks becoming progressively more intense. Correspondingly, the (110) FeCr peak at 
44.6 o 2 becomes less intense, which is consistent with Fe3W3C being formed as a reaction product 
between FeCr and WC during the liquid phase sintering process.  
 
Figure 1: SEM of each sample used in this study (WC particle size classification in upper-left given in Table 1). 
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Figure 2: XRD patterns showing progressive increase in Fe3W3C and decrease in FeCr as the grain size decreases from E to 
A. M = Fe, W. 
Table 2: Microstructural characteristics of WC-FeCr.  
Grade <dWC>(μ
m) 
d (μm) fM6C (%) fFeCr (%) 
A 0.21 0.11 31 2.1 
B 0.35 0.15 7.5 6.7 
C 0.78 0.46 2.5 8.3 
D 2.4 1.3 1.4 9.7 
E 5.4 3.3 1 9.1 
These qualitative trends are quantified in Table 2, which gives the relative volume fractions of Fe3W3C 
and FeCr, denoted fM6C and fFeCr respectively. The volume fractions are taken from Rietveld refinement 
fits of the XRD data in Fig. 2. fM6C increases from 1 % for the coarsest grained material (E), to about 
31 % for the ultra-fine grained sample (A). fFeCr on the other hand decreases from about 9 % to 2 % for 
the same samples. Table 2 also shows the mean and standard deviation in WC grain size, <dWC> and d 
respectively, as extracted from the micrographs in Fig. 1. <dWC> varies from about 0.2 to 5 m, while d 
is consistently about 40–60 % of <dWC>. 
Thermal expansion 
Fig. 3a shows raw thermal expansion curves for each sample from the cooling segment. Samples B-E 
have been offset in increments of 1 x 10-3 for clarity. There is a gradual increase in the gradient of the 
curves from about 6.5 x 10-6/K at lower temperatures to about 8 x 10-6/K at high temperatures. At 800-
900 °C there is a discontinuous shrinkage in the samples, indicated by the markers below each curve, 
corresponding to the allotropic phase transformation in FeCr. These transformations are explored further 
in Fig. 4; for now we focus on the thermal expansion coefficients.  
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Figure 3: (a) Raw thermal expansion curves showing the discontinuous shrinkage. (b) Physical thermal expansion coefficients 
as a function of temperature. The rule of mixtures model between pure WC and ferritic steel generally underestimates 
the experimental data. Error bars represent difference between heating and cooling segments. 
The physical thermal expansion coefficients () are plotted in Fig. 3b. At low temperatures,  varies 
between about 6 and 7 x 10-6 K-1, which is in relatively good agreement with previous reports of thermal 
expansion in WC-Co of between 5 and 6 x 10-6 K-1 [8]. Finer grained materials show larger -coefficients, 
which is probably due to the presence of increased Fe3W3C. At higher temperatures  increases to 
between about 7 and 9 x 10-6 K-1 at 1100 °C. Overlayed on the plot are literature -curves for a ferritic 
steel [17] and pure WC [18], shown in dotted lines. The rule of mixtures for a composite between the two 
at 10 wt.% WC is also shown. The model agrees well with the data in the range 400–600 °C but 
underestimates  outside this range. 
The discontinuous shrinkage around 800–900 °C is explored in more detail in Fig. 4a, which shows a 
close up of the thermal expansion curves for sample D around the transformation event, under both 
heating and cooling. The primary axis of Fig. 4a shows the raw thermal expansion data, where the 
cooling curve has been off-set by 1 x 10-3 for clarity. The strain of the transformation is indicated by the 
symbols T, h and T, c for heating and cooling respectively. The secondary y-axis shows the 
corresponding differential of the thermal expansion curves, where the peak reveals the exact 
temperature of the phase transformation. On heating, the transition peak occurs at 915 °C and on 
cooling at 825 °C.  
Figs. 4b and 4c show the transformation strains, T, and transformation temperatures, T, plotted against 
WC grain size. The transformation temperatures lie either side of the BCCFCC allotropic phase 
transformation temperature reported to be 855 °C in Fe-8 wt.% Cr [13]. For all samples there is clear 
transformation hysteresis – i.e. a difference in transition temperature between heating and cooling. The 
transition hysteresis appears to increase with decreasing WC grain size. Some of this hysteresis can be 
accounted for by the fact that the transition rate is governed by a diffusion controlled nucleation and 
growth mechanism [19]. Such hysteresis has been explicity observed in HT9 steel to be about 110 °C 
[20], which is comparable to the hysteresis seen here in the coarser-grained composites. Fig. 4b plots 
the corresponding transformation strain, T. Since finer grained samples contained less BCC FeCr  
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Figure 4: (a) Expansion curve of sample D (primary y-axis) with its differential (secondary y-axis), showing a transformation 
hysteresis of ~ 90 °C. (b) The transformation strain, T, shows a lower magnitude than would be predicted by a rule of 
mixtures (using data from [21]). (c) The transformation temperatures occur either side of the databook value for 
transformation in Fe-8 wt.% Cr [13] during heating and cooling. No heating peak is displayed for samples A and B as 
a clear peak was not observed. 
phase, the strain reported has been normalised to the equivalent strain based on 10 wt.% FeCr phase. 
The average equivalent strain is between about 0.01 and 0.03 % which is significantly smaller than the 
predicted rule-of-mixtures linear shrinkage of 0.069 % (based on a volume change in pure Fe of 1.16 % 
[21]). The remainder of the volumetric strain is likely to be accommodated by strain in the WC phase; i.e. 
during heating, some of the shrinkage in the FeCr phase will be offset by a corresponding expansion in 
the surrounding WC phase.  
Thermal diffusivity and specific heat 
Fig. 5 shows the thermal diffusivity of all 5 grades of WC-FeCr hardmetal. The datasets have been fit by 
a simple power law expression: 
  = 300K (300/T)
β (1) 
where 300K is the room temperature diffusivity, T is the temperature, and β is a temperature dependency 
factor, wherby β = 1 indicates strong inverse temperature dependence and β = 0 indicates complete 
temperature-independence. The β values for each sample are indicated in parentheses in the legend. 
We highlight three observations: Firstly, diffusivity increases dramatically with increasing WC grain size, 
with room temperature thermal diffiusivity varying from about 16 mm2/s in the case of sample A, to 
39 mm2/s for sample E. Secondly, the diffusivity curves are much flatter (i.e. less temperature 
dependent) for the fine-grained materials. For example, samples A and E have β-exponents of 0.26 and 
0.83 respectively. This tendency towards a flatter diffusivity profile is suggestive of an increased 
dominance in interfacial scattering, which is temperature-independent, in finer-grained structures. On the 
other hand, in coarser materials, it is likely that vibrational (i.e. phonon) scattering will dominate, which is 
highly temperature dependent. Such observations are consistent with measurements made by Frandsen 
and Williams on the WC-Co system [10], although their measurements were made at much lower 
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Figure 5: Thermal diffusivity for samples of different WC grain size. Data has been fitted using Eq. 1. Error bars represent the 
standard deviation in 3 separate shots at each temperature. 
temperatures, between 4 K and 300 K. Thirdly, the rapid decrease in diffusivity between 1100 and 
1200 °C can be attributed to the formation of a liquid eutectic phase (at 1143 °C in WC-Fe [22]) 
Fig. 6 shows the specific heat capacity, Cp, of the B-grade and D-grade samples. In both samples there 
is an overall increase in specific heat with temperature, from about 0.21 J/g-K at 50 °C to about 0.29 J/g-
K at 1000 °C. Plotted alongside these curves is data collected on an analogous WC-Co composite (with 
9 wt.% binder) between about 100 and 700 °C, collected by Kny and Neumann [11]. Good agreement is 
shown between the WC-FeCr and WC-Co data, which is expected as the specific heats of Fe and Co 
are similar (0.449 and 0.421 J/g-K respectively at 298 K). 
Above 700 °C there are three discontinous events in the specific heat signals:  
▪ At 764 °C a peak in Cp occurs which coincides well with the predicted Curie transition 
temperature of 764 °C in Fe-8 wt.% Cr [13], i.e. where ferromagnetic materials lose their 
permanent magnetism; 
▪ At about 850 °C (843 °C for sample D) another peak occurs, which is close to the allotropic 
phase transformation temperature of 855 °C [13]. The integrated peak intensity for sample D is 
about 2.3 J/g. If divided by the nominal mass fraction of FeCr (10 %) this equates to a heat of 
transformation of 23 J/g, which is close to the databook value for the enthalpy of transformation in 
pure Fe: ΔHα-γ = 18.1 J/g [14];  
▪ At 1170 °C there is a sharp transient associated with the formation of a liquid eutectic phase.  
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Figure 6: Specific heat of samples B and D, compared to literature data for an analagous WC-Co hardmetal [11].   
Thermal conductivity 
By combining data from the above measurements, thermal conductivity, , can be calculated using: 
  =  •  • Cp (2) 
where ,  and Cp are the thermal diffusivity, density and specific heat capacity respectively. Table 3 
shows the thermal conductivity at 25 °C and at 600 °C, denoted 25 C and 600 C, for each grade. To 
calculate , diffusivity is taken from Fig. 5; density values are taken from Table 1 (and corrected for 
thermal expansion from Fig. 3); and cp is extracted from the average of the curves in Fig. 6.   
Fig. 7 plots the thermal conductivity data from Table 3 against WC grain size. For comparison, data on 
standard WC-Co materials, reported at 25 °C by Perecherla and Willliams [9] and at 600 °C by Neumann 
and Kny [11], are shown in closed symbols. The high temperature WC-Co data was collected on 
samples with 9 wt.% binder and are thus directly comparable. However, the low temperature data from 
Perecherla and Willliams required some analysis since their samples had a range of binder contents 
from 1.5 to 30 wt.%. Therefore, linear fits were made to conductivity vs binder content plots at each 
measured WC grain size and the value corresponding to 10 wt.% binder was read-off and plotted in 
Fig. 7.  
Table 3: Thermophysical properties of WC-FeCr hardmetals.  
Grade 25 C (W/m-K) 600 C (W/m-K) 
A 48 46 
B 52 48 
C 86 59 
D 108 59 
E 111 61 
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Figure 7: Room temperature thermal conductivity for WC-10M hardmetals where M=Co (closed symbols) and Fe-8 wt.% Cr 
(open). 10 wt.% binder was present in each case. FeCr-bound materials show a comparable values for thermal 
conductivity to Co-bound materials. Error bars as follows: WC-FeCr y-axis is product of standard deviations in ,  
and cp; WC-FeCr x-axis is standard deviation in WC grain size (Table 2); WC-Co y-axis is standard deviation across 
all samples reported at given WC grain size. 
Fig. 7 shows that the WC-FeCr composites investigated here have a similar thermal conductivity to 
conventional WC-Co materials. At 25 °C, WC-FeCr showed a slightly higher thermal conductivity than 
Co-bound materials by Perecherla and Willliams [9], however at 600 °C WC-FeCr showed a slightly 
lower value than those studied by Neumann and Kny [11]. The fact that FeCr-bound composites could 
perform as well as Co-bound materials is unexpected since the room temperature thermal conductivity of 
Co is greater than that of FeCr – i.e. 100 W/m-K for Co [23] vs. about 40 W/m-K for Fe-4.8 wt.% Cr [24]. 
We highlight three possible explanations for this unexpected result: Firstly, due to solubility of C and W in 
the binder (typically on the order of 0.1 and 10 wt.% respectively for Co) there might be extensive point-
defect scattering, and therefore differences in conducitivity of the FeCr and Co binders would be reduced 
significantly. Second, the presence of M6C phase in the WC-FeCr composites, which was particularly 
pronounced in the finer-grained samples, will have a significant effect on thermal transport. Thirdly, 
different measurement techniques were employed between the two studies. We used laserflash 
analysis, which is a direct measurement technique, while Perecherla and Williams used thermal 
comparitor measurements, which require comparison to some material of known conductivity, and are 
thus subject to increased error.  
Conclusions 
The key steady-state thermophysical properties of WC-FeCr composites were as follows: The linear 
thermal expansion coefficients increased from about 6.5 x 10-6 K-1 at ambient temperature to about 8 x 
10-6 K-1 at 1100 °C. Thermal expansion was in general larger than that predicted by theory, probably due 
to the presence of Fe3W3C phase. Thermal conductivity tended to increase with increasing WC grain 
size, as did the degree of temperature dependence. These trends are in general agreement with 
previous studies in WC-Co at much lower temperatures. The absolute values of thermal conductivity 
were also similar to previously reported values for WC-Co. They varied from about 50 to 110 W/m-K at 
25 °C, and about 50 and 60 W/m-K at 600 °C. The low variation in conductivity with grain size at 600 °C 
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compared to 25 °C is attributed to the increasing predominance of vibrational scattering over grain 
boundary scattering with increasing temperature. 
The allotropic phase transformation in the binder induced some transient phenomena that are unique to 
the FeCr binder system: The most important of these from the perspective of thermomechanical stability 
is the instantaneous volume change observed upon heating and cooling. There was a large hysteresis in 
the transition temperatures, that tended to increase with decreasing WC grain size. The magnitude of the 
transformation strain was about a third of that predicted by the rule of mixtures, suggesting that residual 
stress could be accumulating in the WC phase.  
The high thermal conductivity values reported here compared to WC-Co materials suggest WC-FeCr is a 
suitable replacement for WC-Co in thermally demanding applications. However, further work is required 
to quantify the magnitude of any residual stress that is introduced by the the allotropic phase 
transformation in the binder – and its effect (if any) on mechanical integrity must be determined.  
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